SKIN  TBNPfiRATUWE  RESPONSE  OF  THE  FOOT  UNDER 
HOT  atVIBOWUMTAi  CONDITIO* 


by 


MOHAMED  ALX  HASSAN  DARKISH 

B,  Sc.,  M.  E.,  Faculty  of  Engineering,  Ala*andrla  Unlvaralty, 

Egypt,  i960 


A  MASTER'S  KPORT 


tubalttad  In  parti* 2  fulflllawnt  of  tha 


roqulroatnts  for  tha  dagra* 


MASTER  OF  SCltHCt 


Mechanical  Engineering  Department 


KANSAS  STATE  UNIVERSITY 
Manhattan,  Kanaaa 

1906 

Approved  byt 


fiJUM  lL^  a.  a/D 

(I   Major  rtofoiaor 


11 


tabu  <jf  cghtbbi 
wmoDucricN * 

LITERATURE  REVIB* I 

HPSUMNTAL  PROCEDURE 3 

Experimental  Apparatua  • ...» ••••••..    4 

Skin  Teapavalura  ttaaauraaants • • •••••••••    5 

EXPERIMENTAL  RESULTS »•••     6 

SOURCES  Gf  ERRORS 22 

u 

, 24 

WCfcS • • 25 


Tht  fact  that  the  extremities  hava  greet  importance  In  thermo  rogule- 
tion  of  tha  human  body  la  wail  eetabilshed.    Tha  akin  temperature  and 
coneequentiy  tha  haat  loss  la  influenced  by  tha  temperature  and  tha  f iow 
of  tha  blood  and  tha  surrounding  air  temperature. 

Tha  tamparatujra  of  tha  blood  flowing  In  tha  limb  la  by  no  maane  either 
uniform  or  constant.    Fluctuation  of  blood  flow  In  tha  foot  of  a  eubject 
expoeed,  during  ona  day,  to  a  hot  environment  la  vary  large  (commonly 
amounting  to  iOOfc). 

It  la  wail  known  that  tha  effective  Insulation  of  tha  air  to  haat  flow 
la  iaas  for  cylinders  of  small  diameter  a  than  thoee  for  largo  diameter  a. 
It  la  also  loss  for  spheres  and  cyiindars  than  for  flat  surfaces.     A  rlsa 
In  akin  tawparatura  of  tha  too  and  foot  tharafora  la  mora  affective  In 
promoting  haat  loas  than  a  similar  change  in  temperature  of  other  larger 
and  flatter  areas. 

The  foot  and  toes  can  be  consider ed  as  a  series  of  cyiindars  with 
the  toea  having  approximately  1%  of  the  entire  surface  area*    The  effect 
of  curvature  Is  auch  that,  with  »n  equal  temperature  gradient  from  the 
akin  to  the  air,  more  heat  oust  be  lost  from  the  toe  than  from  a  comparable 
area  of  the  rest  of  the  foot.    The  existence  of  these  curved  areas  in  the 
foot  is  particularly  useful  In  regulating  heat  loas.    This  regulation  la 
aided  by  the  increased  convection  generated  in  the  air  aa  haat  loas  In- 
crease*, because  the  increased  convection  further  decreases  the  Insulation 
effect  of  the  air* 


It  ha*  been  estimated  that  thw  foot,  which  ha*  &%  of  tho  total  body 
aroav  loses  6.5*  of  tho  total  hoat  in  a  hot  environment  and  only  3.9ft  of 
the  total  hoat  in  a  cold  environment. 

Undor  conditions  of  extremely  still  aix,  tho  hoat  loot  by  non- 
evaporative  aodes  (radiation  and  convection),  ia  a  function  of  temperature 
dif foronca  between  tho  akin  and  the  air  temperature. 

Hence,  the  skin  temperature  end  the  air  toaporaturo  are  soaotiaos 
sufficient  to  calculate  the  non-evaporative  hoat  transfer.     Also,  it  has 
bean  established  experiment  a  lly  that  there  is  a  clone  relation  between  the 
skin  temperature  of  the  foot  and  the  human  comfort  below  the  evaporative 
cooling  rone. 

The  object  of  this  report  is  to  study  experimentally  the  skin  temper- 
ature response  of  the  foot  under  hot  environmental  conditions.  The  effect 
of  clothing  was  also  considered  in  these  experiments,  since  the  foot  has  a 
particular  value  for  students  of  clothing. 

UTfiRATURE  ram* 

Several  papers  have  appeared  in  literature  on  the  subject  of  this 
report.     Barett  e£  a^.  (l)  and  love  (5)  studied  the  thermal  exchange  of 
the  bare  foot  when  exposed  to  hot  environments  for  long  periods  of  time. 
They  also  showed  that  the  temperature  of  the  blood  in  transit  in  the  limb 
is  not  uniform  or  constant  and  the  fluctuation  in  the  blood  flow  ia  very 


Uazett  &  aj,.  (2)  also  carried  out  experiments  on  bare  and  booted 
foot  exposed  locally  to  a  low  temperature  (as  low  as  -25°F).    They  found 


that  the  skin  temperature  and  haat  loss  from  tba  foot  daoraaa*  rapidly. 
Tha  haat  capacity  of  clothing  and  tiaauaa  was  considered  In  thaaa  in- 
vestigations. 

Chanko  (a)  showed  that  tha  faallng  of  discomfort  la  closely  associ- 
atad  »lth  tha  floor  aurfaea  temperature  and  with  tha  temperature  of  tha 
akin  of  tha  sola  of  tha  foot. 

ThU  report  presents  tha  results  of  m  experimental  Investigation 
eenducted  to  study  tha  tkln  temperature  rasponsa  of  tha  foot  when  exposed 
locally  to  hot  environments.    Tha  foot  was  bare,  »ith  socks*  and  with 
socks  and  shoos.    Tha  temperature  responses  of  tha  foot  have  baan  takan 
by  placing  tha  foot  on  a  hot  plata  at  various  temperatures  for  parloda  of 
30  minutes.     Anothar  experiment  aas  conduct  ad  by  Inserting  tha  foot  In  a 
spaclal  wooden  anclosuro  Inside  which  air  could  be  maintained  at  various 
temperatures  (90,  100,  110,  120°F).    The  faallng  of  warmth  and  hotness  baa 
been  recorded  while  Increasing  the  oven  or  plate  temperature. 

EXPttlMBfTAL  r'RCCfcOURfe 

Four  different  experiments  ware  carried  out  and  are  outlined  aa 
follow  St 

1.  The  fir  at  of  these  experiments  was  performed  on  two  different 
subjects,    fcach  subject  sat  In  an  office  chair  with  his  feat  resting  on 

a  met  plate  whose  temperature  could  be  adjusted  before  contacting  tha  foot. 
Four  temperatures  ware  used  for  the  plate,  namely  90,  100,  110,  120°F. 

2.  The  second  of  these  experiments  was  performed  with  one  subject. 
The  foot  was  subjected  to  still  warm  air  by  placing  It  inside  a  wooden 

t»    In  this  chamber,  the  temperature  of  still  sir  could  be  controlled. 


3.  The  third  set  of  experiments  was  similar  to  the  first  except 
that  thw  foot  with  tho  thro*  conditions  (bare,  with  socks,  snd  with  socks 
and  shoos)  was  placed  on  a  hot  plate  which  Initially  had  a  temperature 
equal  to  tho  roue  temperature.    Than  ths  piato  temperature  was  Increased 
gradually  until  tho  subject  ftlt  that  his  foot  was  warm,    a  gradual  In- 
croaso  In  tho  piato  temperature  waa  continual  until  tho  subjoct  reported 
a  fooling  of  hotnees,  and  than  tho  piato  temperature  was  docroasad  gradu- 
ally until  tho  subjoct  resume*  tho  fooling  of  comfort.    Ono  subjoct  was 
uaod  for  thia  sorlos  of  tests. 

4.  In  tho  last  sot  of  experiments  tho  foot  was  Insortod  Insldo  tho 
vara  air  chaabor  and  tho  air  toaporatura  waa  Incroasod  until  tho  fooling 
of  warath  in  tho  foot  was  roportod.    Thon  tho  air  toaporatura  was  In- 
croaaod  until  tho  subjoct  folt  that  his  foot  waa  too  hot.    Than  tho  air 
toaporatura  was  dacxoasod  gradually  until  tho  fooling  of  warath  was  ro- 
portod again. 

In  tho  above  mentioned  experlnents,  tho  skin  toaporatura  of  tho  foot 
was  recorded  at  4  locations  ovary  40  saconds  for  each  location  over  a 
total  period  of  30  alnutes. 

Expexlaental  Apparatus 

The  experimental  arrangeaent  for  the  first  set  of  oxporlaonts  Is 
shewn  in  Fig.  1.     It  consisted  of  a  plate  with  en  eabedded  heating  cell. 
A  24-gauge  copper -constant an  thermocouple  with  Its  junction  attached  to 
the  plate  waa  connected  to  e  sensitive  galvanometer  for  feat  manual  control 
of  the  plate  teaperature. 


The  arrangement  for  th#  second  set  of  the  experiments  it  shown  in 
Fig.  2.     A  special  wooden  chamber  was  ustd  with  two  suspondod  thermocouple* 
to  recoid  air  temperature  for  manual  control*     A  shaot  of  cork  board  was 
placed  between  tha  haatar  and  tha  rast  of  tha  chamber  to  decrease  tha 
haat  gain  to  tha  foot  by  radiation.    Tha  subject  was  saatad  in  an  offica 
chaix.    Tha  temperature  of  tha  chamber  was  adjusts  by  varying  tha  currant 
input  to  tha  alactric  haatar  through  a  var labia  transformer. 

For  all  experiments,  the  locations  of  the  thermocouples  on  the  foot 
weret 

1.  the  sole 

2.  the  heel 

3*    the  top  front  of  the  foot 
4.    the  ankle 

Skin  Temperature  Measurements 

Skin  temperatures  were  obtained  with  24-gauge  copper -const ant an 
thermocouples.    The  thermocouple  junctions  were  held  on  the  skin  by  scotch 
tape. 

The  thermocouples  were  connected  to  a  multi-point  recorder. 

The  temperature  measuring  system  consisted  oft 

1.  The  thermocouples  as  the  primary  elements. 

2.  A  self -be lancing  potentiometer  which  measured  the  unknown  e.m.f. 
by  balancing  It  against  e*m«f.  read  out  from  a  position  of  the  contactor 
on  a  calibrated  elide  wire. 

3.  A  voltage  and  power  amplifier. 

4.  a  motor  to  move  the  pointer  to  indicate  the  temperature. 


!>•     A  print  wheel  carriage  attache  to  the  pointer  to  print  the 
temperature  of  each  point  every  40  seconds. 

KMUttaffAl  fteSUUS 

Figures  3  to  6  shew  the  skin  temperature  changes  with  time  for 
locations  (1)  and  (2)  for  tha  first  sat  of  the  experiments.  It  Mas 
noticed  that i 

1*    Hhen  contacting  tha  bar a  foot  or  tha  foot  with  socks  with  tha 
hot  plate,  a  sud  ien  Increase  in  temperature  of  the  skin  of  the  foot  at 
the  bottom  occurred*    The  skin  temperature  increased  as  the  plate  temper- 
ature increased* 

2*    Very  large  fluctuation  in  akin  temperature  in  contact  with  the 
plate  whoee  temperature  was  iOO°F  or  more*    The  maximum  skin  temperature 
of  the  bare  foot  or  with  socks  was  lld°F* 

3.    The  temperature  of  the  foot  differed  from  one  pot it Ion  to  another, 
The  temperature  »aa  higher  finally  at  the  heel  than  at  the  sole*    The 
final  average  temperature  of  the  foot  was  given  in  Table  I  for  the  hot 
plate  case  for  locations  (i)  and  (2)* 

TASlf  I 

Average  final  temperature  of  skin  of  the  foot  In  contact  with 
a  hot  plate  between  the  two  subjects 
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Figures  7  through  11  «ho«  the  skin  temperature  change  with  tie*  for 
the  four  locations  on  th»  foot  at  determined  by  tha  second  set  of  experl- 
a*nts.    Tho  following  obser vat Ion*  could  b«  eentionedi 

1*    By  inaortlng  tho  foot  In  tho  hot  chamber,  tho  temperature 
variation  with  time  curve  can  ba  dividod  into  two  zones: 

a.    Tho  first  rone,  in  which  tho  temperature  lncroaaoa  at  a 
high  rata.     ThU  can  bo  conaldorod  at  tho  non-evaporative 

MBit 

b*    Tho  aocond  rone  in  which  no  or  a  vary  seal!  incroaao  in 
temperature  occurred*    Thia  can  bo  called  tho  active 
sweating  zone,  owing  to  cooling  by  evaporation  of 
perspiration*    No  significant  fluctuation  in  skin 
tewperature  wet  observed*    Maxiaua  instantaneous 
t sapor at urs  attained  was  110°F* 


2*    The  temper at ur a  distribution  of  the  skin  of  the  foot  was  a  least 
unlfora* 

3*    The  final  average  teaperaturea  of  the  skin  of  tho  foot  (the 
arithmetic  aeon)  we  given  In  Table  IX* 

TAB1E  IX 

Arithmetic  aean  of  fins 1  skin  teaperatura  of  foot 
inserted  in  warn 
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Tha  faaling  of  warmth  or  hotnoss  of  tha  foot  in  contact  with  tha 
hot  plat*  Mt  racordad  in  tha  third  aat  of  axparimante  with  tha  follow- 
ing raauJttai 

1.  Tha  foot  faala  wars  all  ovar  tha  bottom  of  tha  foot;  at  tha 
aaaa  tiaa  tha  tamparaturas  at  diffarent  locations  ovar  tha  bottom  of  tha 
foot  wara  vary  nasriy  idanticai. 

2.  As  tha  piata  tamparatura  incraasad,  tha  foot  tamparattua  at  tha 
haai  incraasad  mora  rapidly  than  tha  tanparatura  at  othar  parts,  and  tha 
foot  fait  hot  at  tha  haai  bafora  tha  othar  parta  of  tha  foot  fait  hot. 

3.  Tha  faaling  of  "too  hot**  was  attainad  at  highar  taoparaturs 
whan  tha  foot  waa  bara  rathar  than  when  tha  foot  was  in  socks. 

4.  Mian  anciosad  by  sock  and  shoa,  tha  foot  did  not  faal  too  hot 
whan  tha  piata  tanparatura  incraasad  up  to  120°F. 

5.  Tabla  III  givas  tha  foot  tamparatura  at  two  locations  ( 1)  and 
(2)  whan  tha  foot,  foot  and  sock,  or  foot,  sock  and  shoa  waa  in  contact 
with  tha  hot  piata  and  tha  foot  fait  wara  or  hot* 

Tha  fourth  sat  of  axparimants  showad  tha  following  rasultsi 

1.  fiy  insarting  tha  foot  in  tha  woodan  box  and  gradually  incraasing 
tha  tamparatura  of  tha  air  in  tha  box  up  to  190**,  tha  subjact  did  not 
report  that  ha  fait  too  hot  at  ail. 

2.  Maximum  tamparatura  of  tha  akin  attainad  during  this  axpariaant 
waa  as  followst 

a.  103.5°F.  with  bara  foot 

b.  105  with  foot  with  socks 

c.  10 1  with  foot  with  socks  and  shoa 


3.    Tabia  IV  givae  th»  arithaotic  oaan  of  tha  foot  taaporatura  of 
tha  four   locations  whan  tha  foot  fait  warm. 

TABLE  III 

Tha  toaporatura  of  tha  foot  at  taw  locations  (l)  and  (2) 
contacting  tha  hot  plata 
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*  Froa  (l)  to  U)  tha  taaperature  of  tha  plata  increase*  gradually. 

*  Froa  (2)  to  (3)  tho  taaperature  of  tha  foot  docraasos  gradually. 


TAhii  IV 

taaperature  of  tho  foot  whan  a  fa* ling  of  warmth 
was  raportod.    Foot  insortad  in  an  insulated  box 
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SOURCES  OF  ERRORS 

1.  The  skin  temperature  measurements  were  subject  to  a  source  of 
error  produced  by  covering  the  thermocouples  and  thus  reducing  the 
heat   loss  cr  gain  from  the  covered  area. 

2.  The  thermocouple  attached  to  the  foot  in  the  case  of  the  hot 
plate  was  affected  by  the  temperature  of  the  plate  as  well  as  the  foot 
temperature  itself. 

3.  Since  the  temperature  of  the  foot  varied  greatly  with  the 
temperature  level,  the  thermocouples  might  have  been  representative  of 
one  condition  but  not  of  the  other. 

4.  The  average  air  temperature  of  the  room  was  not  the  same  during 
all  the  experiments.  This  may  change  the  heat  loss  from  the  subject  and 
consequently  the  heat   loss  and  temperature  of  the  foot. 

DISCUSSION 

The  results  indicate  that,  in  general,  the  fluctuation  of  foot 
temperature  exposed  to  still  air  is  much  less  than  the  fluctuation  of 
foot  temperature  when  the  foot  is  in  contact  with  a  hot  plate.     This  may 
be  due  to  the  cooling  by  evaporation  which  takes  place  in  the  first  case 
where  the  foot  perspiration  can  be  evaporated.     Also  this  may  indicate  a 
large  fluctuation  of  blood  flow  in  the  foot   in  the  second  case. 

The  temperature  of  the  foot  changed  from  one  position  to  another.     The 
heel  temperature  was  higher  than  the  sole  temperature.     This  may  be  due  to 
the  different  values  of  the  tissue  insulation  at  these  locations. 


In  the  fourth  set  of  the  experiments,  the  subject  feit  that  hU 
too*  were  warmer  th«n  othor  part*  of  hit  footi  presumably  thit  mo  duo 
to  an  increase  of  biood  f-ow  in  the  tot*    This  alto  indicates  the  regula- 
tion of  heat  exchange  by  the  curvature  factor. 

The  wearing  of  shoes  prevents  large  Increases  in  foot  temperature 
and  large  fluctuation  of  thit  temperature.     >.hen  wearing  shoes,  the  foot 
did  not  fool  hot*  even  when  the  wooden  chamber  temperature  was  Increased 
to  150°F  or  the  plate  temperature,  increeted  to  120°F. 


The  writer  wishes  to  express  his  thanks  and  Indebtedness  to 
Or.  Ralph  Kevins,  Heed,  Mechanical  Engineering  Department!  and  to 
Dr.  M.  Z.  Asa*  and  Mr.  «•  Springer,  also  of  the  Mechanical  engineering 
Departaent,  for  their  great  help  and  advice  In  the  course  of  this 
study* 
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The  experiment*  reported  here  were  designed  to  *tudy  the  skin 
teaperature  response  of  the  foot  when  expoeed  to  hot  environmental 
condition*. 

Skin  temperature  measurements  were  wdi  under  three  conditions 
(bsre,  with  cocks,  and  with  sock*  end  ■hoot)  by  placing  tha  foot  on  * 
hot  plats  under  various  conditions  (90,  100,  110,  ISO  F). 

In  another  experiment,  tha  foot  was  insartad  in  a  spaclal  wooden 
chamber  at  various  teaperature  (90,  100,  110,  120°F). 

Subjective  feelings  of  warmth  and  hotness  have  been  reported  for 
various  Increasing  levels  of  the  plate  or  the  chamber  teaperature  while 
the  foot  was  in  contact  with  the  plate  or  inserted  in  the  chamber. 

The  foot  temperatures  were  found  to  increase  as  the  piste  or 
■aaarisr  temperature  increased.    Very  large  fluctuation  of  foot  akin 
teaperature  was  observed  when  the  foot  was  in  contact  with  the  hot  plate 
and  the  hot  plate  was  maintained  at  temperatures  higher  than  iOO°F. 
ttsxlaua  skin  temperature  attained  by  the  foot  was  110°F.    Different 
temperatures  have  been  reported  at  different  positions  on  the  foot  at 
the  same  moment.    The  feeling  of  hotness  depends  mainly  on  the  skin 
temperature  of  the  foot  and  the  plate  teaperature. 
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